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RELATIVE EFFICIENCY

OF VARIOUS GENETIC MECHANISMS
FOR SUPPRESSION OF
INSECT POPULATIONS

By E. 1", Knipling, collaborator, and W. Klassen, staff scientist,
Nutionel Program Staff, Agricullural Research Service
United States Department of Agricutiure

SUMMARY

A theoretical appraisal was made of the relative efliciency of
various genetic mechanisms of suppression when applied to
natural pest populations. These appraisals were based on the
release of genetically modified males or muales plus females in
most cases when they outnumbered the wild population by 9:1.
The effects of a single release or of releases for three sleeessive
generations were calculated. The theoretical suppression effect
is compared with that expected from the same rate of release of
insects sterilized conventionally {(dominant lethal mutations). The
genetic mechanisms considered include : Compound chremosomes,
cytoplasmic incompatibility, hybrid sterility, imbalanced sex de-
termining factors, inherited partial sterility, chromosomal trans-
locations, inherited hybrid male sterility, sex-ratio distortion,
recessive lethals, and conditional lethals, both dominant and
recessive.

On the basis of comparable competitiveness, several penetic
mechanisms would be niove effective than the release of sterile
males, The most eflicient mechanisms based on these theoretical
appraisals would be: Meiotic drive coupled with a dominant eon-
ditional lethal, a compound chromoseme coupled with a dominant
conditional lethal, inherited hybrid male sterility, and inherited par-
tial sterility. Other mechanisms such as translocations and several
dominant conditional lethals in a single strain may also be more
effective than conventional sterility. Other mechanisms such as
imbalanced sex determinants, as occur in the gypsy moth, and
sex-ratio distortions, as cccur in the house fly, seem to have little
or no suppression advantage over the release of sterile males but
could be more effective because of increased competitiveness.

While the suppressive effect of various genetic mechanisras will
depend on competitiveness and physical fitness of the released
strain in relation to the normal wild strain in the environment,
a theoretical appraisal by the procedures employed provides an
opportunity to identify genetic mechanisms that offer maximum
potential suppressive action, if appropriate genetic alternatives
can be developed in strains suitable for release,




INTRODUCTION

Scientists are increasingly interesfed in the autocidal method
of pest suppression utilizing various genetic fechniques. This
interest is due to several factors. First, the sterile-male technique
has been shown to be of practical value and is being employed
in the suppression of the screwworm (Cochliomyic hominivorax
{Coqueral)), pink bollworm (Pectinowhora gossypielle {Saun-
ders) }, Mexican fruit fly (Anastrepha ludens (Loew)), and Medi-
terranean fruit fly (Ceratitis capitata Wiedemann)). Encouraging
resulfs have been obtained against a number of other important
insects including boll weevil (Anthonomus grandis Boheman),
tsetse flies, (Flossine spp., codling moth (Carpocapse pomonella
{Linn.}), certain mosquitoes, several other species of tropical
fruit flies, and a number of other pests. Many scientists appeav
to appreciate the role that the technique could play, especially in
integrated pest management systems for key insect pests. Sec-
ondly, there is the general realization that new ecologically ac-
ceptable strategies are needed to cope with inscet pest problems.
The genetic approach offers a highly selective means of contral.
Thirdly, geneticists and entomologists are discovering or engi-
neering new genetic suppression mechanisms that promise to be
more effective than the induced sterility procedure, which has
received most of the attention In research up to the present time.
Fourthly, important strides have been made in developing mass
rearing and guality control technology. In addition, the capabil-
ity to identify important behavioral and physiological features
of mass-reared and released insects has increased immensely, as
has the capability to analyze problems with field performance of
released insects.

Many potential genetic suppression mechanisms have been
known for some time and many of them are being nvestipated,
but relatively little atten*ion has been given to an appraisal of
the efficiency of various suppression mechanisms when applied
to natural populations. This is the purpose of this publication.
We recognize that the true eflect various techniques will have in
the suppression of pest populations cannot be determined until
properly planned and properly executed experiments are con-
ducted in the field. However, field experiments are difficult and
costly. Research resources are fotally inadeguate to undertake
the many field investigations that would be deszirable. Based ¢n
the success of earlier predictive models of the sterile-male tech-
nique, however, much can be done through appropriate medeling
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and calculating procedures, with or without computer program-
ming, to appraise the potential for suppression that various known
genetic mechanisms have. The resulfs of appraisals herein re-
ported show great diflerences in the potential efliciency of various
genetic systems. The potential suppression that can result from
various mechanisms to be descrihed must be related to the dy-
namics of the target iusect population as we would expect it to
otecur in a natural environment,

We hope that our findings in this study will not only stimulate
further fundamential investigations on new genetic suppression
mechanisms, but also serve as a guide for practical laboratory
and field investigations designed to develop the most promising
genetie principles for practical insect population suppression.

THE NMATURE OF ACTION OF VARIOUS
GENETIC MECHANISMS

Genetic mechanisms that ave potentially useful for insect popu-
lation suppression and the population replacement may be classi-
fied in three categories depending on the degree of involvement
and the sapeed and duration of action of the genetic material intro-
duced.

Category A involves no infusion of genetic material, and the
impact of the mechanisms does not extent beyond one generation.
The mechanisms involved include: (1) Dominant lethal mutations
{the basis of the sterile insect release method first used against
the screwworm); (2} compound chromosomes {provided that
individuals of one sex only ave released); (3) cytoplasmic incom-
patibitity {provided that males only are veleased); and (4) hybrid
sterility {provided that F. hybrid sterile males only are released).

(Category B involves mechanisms that have an impact beginning
in the first generation and that extend for a number of addi-
tional generations. In this category the altered and released germ
plasm is involved in reproduction. This category includes: (1)
Inheriteq pavtial sterility in species with holokinetic chromo-
somes; {2) chromosome translocations {provided that male hetero-
zygotes only ave veleased) ; (3) compound chromosomes (provided
that both sexes are veleased): (4) inherited hybrid male sterility
{provided that both sexes of F, genevation are released); and
(5} cytoplasmic incompaftibility {provided that both sexes are
released}.

The mechanisms in category C have no impact until after the
first generation following the refease. Thus, genes are introduced
into the wild population which are expressed in later generations.
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The genetic mechanisms in category C include: {1} Recessive
genes for nonvector capacity, insecticide susceptibility, and pref-
erence for economically unimportant hosts; (2) recessive lethals;
(8) conditional lethals; (4} sex-ratio distortion through mecha-
nisms that produece mostly male progeny; {5} sex-ratio distortion
through the use of unisexual recessive lethals, that is, those that
are sex linked and lsthal in double dose only; {6) meiotic drive
in males or nonrandum disjunchion in females (of course, these
drive mechanisms must be linked to any one of the mechanisms
C1 to C5 inclusive); {7) homozygous chromoseme translocations;
and (8) hybrid sterility involving the release of both sexes—the
malie outcrosses are sterile, and female outerosses to normal males
are partially or fully fertile.

An understanding of the basis of the various genetic mecha-
nisms is helpful in modeling their impact on wild populations and
in identifying their limitations. However, to appraise the impact
representative normal trends of insect population must be estab-
lished. The following account is intended {o explain the nature
of some of the presently known mechanisms. Later, we will
compare their potential impact on insect population frends. While
references will he made to certain pertinent publications, a thor-
ough review of the already extensive literafure on genetic mech-
anisms of insect control is beyond the scope of this publication.

Sterility Caused by Dominant Lethal Mutations

Ionizing radiation and chemosterilants sterilize insects by
causing lethal changes in the hereditary material of the perm
cells. These lethal changes are designated as dominant lethal
mutations. By definition only one of the two germ cells which
unite at fertilization to form the zygote need carry the dominant
lethal mutation to kill the individual that develops from the
zygote. Thus, a dominant lethal mutafion does not kill the germ
cell in which it is induced. For example, if the mufation is in-
duced in a spermatid, it will pass into a mature sperm which
fertilizes the egg. The dominant lethal mutation expresses itself
in the embryo or at a later stage. Mutagenic agents induce these
mutations most frequently by breaking chromosomes. A thorough
discussion of the induction and nature of dominant lethal muia-
tions is found in LaChance and others (24, pp. 98-157) and in
LaChance and Riemann (25).! Excellent discussions of lethal

* {talic numbers m parentheses refer to Literature Cited, p. b3.
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chromosome aberrations may be found in Muller (80, pp. 851-473)
and in Smith and von Borstel (88).

The use of conirived dominant lethality was suggested by Smith
and von Borstel {38} to eirvcumvent two undesirable direet effects
of mutagenic agents on insects that are released for population
suppression. Tn some species, such as a boll weevil, mutagenic
agents used to induce sterility inflict considerable somatic damage
—which contributes to reduced competitiveness. In addition, the
sterilizing treatment must destroy all primary germ cells so that
the insects will not recover fertility. (This would not apply to
Lepideptera since spermatogenesis does not occur in the aduit.)
Therefore, males sterilized with mutagenic agents can transfer
sperm in a limited number of matings only. Matings in nature
will be limited to the average matings that females will accept,
but in mass reaving and sterilization many matings may occur
under crowded conditions. These limitations may be circum-
vented by developing two separate strains, each homozygous for
several different chromosomal translocations. When males of one
strain are mated to females of the other strain, progeny are pro-
duced that are heterozygous for all the translocations. Smith and
von Borstel (88) suggested that if each strain contained three
different translocations, over 98 percent of the gametes of the
heterozygote would be unbalanced genetically. These sterile
heretozygotes should be normal, and they would produce normal
quantities of gametes.

Translocations and Inherited Partial Sterility

Sometimes when a mutagen breaks several chromosomes in
one cell, a fragment of one chromosome attaches to a fragment
of another chromosome to form a translocation; if two nonhomo-
logous chromosomes interchange, they form a reciprocal trans.
location. This is the most common type of translocation. In
translocation homozygotes, the chromosomes should behave like
standard chromosomes during meiosis. However, in transloca-
tion heterozygotes, the chromosomes form a crosslike configura-
tion during prophase I because of the close pairing of homologous
parts. At a later stage, the crosslike figure opens up into a
4-membered ring. Sometimes this ring twists on itself to form
a “figure 8" When this happens. alternate members of the con-
figuration go to the same pole when the cell divides. The daughter
nuclei then have complete chromosomal complements, with half
of them carryving reciprocal translocation chromosomes. When
adjacent chromosomes in the ring configuration go to the same

WI-UEQ-T6 -2
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pole, the daughter nuclei receive duplications and deficiencies.
When many chromosomes become involved in a multiple reciprocal
translocation, all the chromosomes involved form a ring or &
chain at meiosis,

A most important consequence of rveciprocal franslocation is
the partial sterility of many transivcation heterozygotes. In an
insect heterozygous for a single reciprocal translocation, chromo-
somes from the meiotic translocation figure may pass two by two
in random assertment to opposite poles. Here, two-thirds of the
resulting gametes would have chromosomal duplications and de
fictencies; these constitute dominant lethal mutations. In reality
completely randem assoriment of translocated chromosomes does
not oreur. Indeed, a single translocation in an individual can
cause the death of 20 to 80 percent of its progeny (Waterhouse
and others (47)). In this paper, however, we will assume that
about half the gametes contain duplication and deficiencies,

If two chromosomes are involved in a translocation, we would
expeclt roughly 50 percent hatch of the eggs from a mating that
involves a translocation heterozygote; if the individual possesses
two translocations in heterozygous form, then we might expect
roughly 25 percent hateh; and with three translocations, we might
expect 12.5 percent hateh, and so on. Moreover, half the progeny
produced by a transiocation heterozygote would beat the trans-
location, and these progeny would produce some sperm bearing
contrived dominant lethul mutations. This is a bonus effect that
is not obtained by the use of fully sterile insects. Tt will be shown
that releages of insects bearing several translocations wouid have
a more profound effect on a wild population than rveleases of fully
sterile males. Another possible advantage is that insects bearing
certain translocations may be fully competitive sexually, in con-
trast to fully sterile insects that may be damaged by the sterilizing
treatment.

The use of translocations may take two forms. The first in-
volves the development of a strain of insects homozygous for
ceveral translocations. A chemosterilant or radiation is used to
break the chromosomes. Then, the progeny arve examined cytolog-
ically for the presence ol translocations (4} or by prageny tests
using genetic marker strains to determine changes in linkage
relationships. The other approach involves the exposure of in-
sects that possess diffuse centromeres fo a dose of a chromosome-
breaking agent that induces partial sterility only (31, 32, pp. 391-
403 84, pp. 09-111).

In insects with diffuse or multiple centromeres, acentric frag-
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ments are not produced by chromosome breaks; thus chromosom:
fragments are not lost as a result of chromosome breakage. The
broken ends of a chromosome may rejoin to restitute the original
chromosome, or they may join to the unbroken ends of nonhomoi-
ogus chromosomes in reciprocal or other types of translocations.
V’hen species whose chromosomes possess just one centromere are
treated with a chromosome-breaking mutagen, transiocations are
induced in a small percentage of the cells. A higher transloecation
frequency is not realized because most acentric fragments are lost
before they have an opportunity to unite with centric fragments,
and because dicentric isochromosomes are produeced that form
lethal bridges in most cells where chromosome breaks oceur, How-
ever, in species whose chromosomes have diffuse cenfromeres, all
fragments have attachments to the spindle fiber, and under mod-
erate treatment it seems likely that they persist, rarcly form
isochromosomes, and unife with other fragments in translocation.
Thus, it is possible to obtain several translocations in every
gamete.

When the cabbage looper males are irradiated with 20 Krad of
X-rays and mated to untreated virgins, approximately 20 percent
of the eggs hatch, and these progeny are sterile or semisterile
because they possess several transiocations {32, pp. 891-403) and
some fail to transmif eupyrene sperm. Extensive literature is
available on translocations and inherited sterility relevant to
popuiation suppression. Publications with extensive bibliogra-
phies include those of Curtis and Hiil {5}, Smith and von Rorstel
(38}, Wagoner (42), Wagoner and others (45, pyp. 188-197},
Waterhouse and others (4%), and Whitten (48).

Compound Chromosomes

According to Novitski (84) and by personal communication®
there can be a number of variations in compound chromosomes.
For this analysis we will consider that in the compound chromo-
some the left arm is identical to the right arm, that is, two homol-
ogous chromosomal arms are attached to the same centromere,
Normally, heterologous arms are attached to one centromere,
Compounds of the sex chromosomes and of the autosomes have
been available in Drosophila melanogaster for a number of years.
Foster and others (#) described special methods of constructing
strains of insects with compound chromosomes. These authors,

* Navitski, E., Department of Biology, University of Oregon, Eugene, Oreg.
07.408.
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Childress {2) and Fitz-Earle and others (8) proposed that com-
pound chromosomes could be used as transport mechanisms for
introducing conditionai lethals and other genes into a population.

For example, the normal arrangement of arms in a pair of
homologous chromosomes is left arm-centromere-right arm (L-R),
and left arm-centromere-right arm. By appropriate means these
arms can be arranged as follows: Left arm-centromere-left arm
(L-L) and right arm-centromere-right arm (R-R). Four types of
gametes are formed by a compound chromosome strain: L-L, R-R,
L-L piug R-R, and no compound chromosome (nullisomic). In
Drosophile melonogaster these gametes are formed by males and
females in approximately equal proportions (fig. .}. Therefore

female
gametes
L-L
maie and
gametes L—L R—R R—R
L—L R—R L—-L L—L
L—1L L—L L1 A—R
L—L
lethal lethal iethal
bL—1L R—R R—R R—R
R—R i R—R L—L
.R—R R—R
! lethal tethal lethat
L—L jL—1L R—R L—tL L—L
and bL—u L—L R—R
R—B R—R R—R i—L R—R
tethatl lethat lethal
L—L R—A L—L
- R—R
iethat jethal fethal

Ficure 1—Types of zypotes produced from a cross between parents both
bearing compounded left and right arms for the same chromosome. Random
segregrtion results in 16 zygotes of which 12 are genetically imbalanced
and lethal., Directed segregation produces 4 zygotes of which 2 are ge-
netically imbalanced and lethal.
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such strains are about 25 percent fertile. Also, if a normal indi-
vidual mates with & compound chromosome-bearing individual,
all zyyotes will be genetically imbalanced and therefore incapable
of development. Therefore, if a normal population is overtiooded
with a strain bearing a compound chromosome, only two types
of progeny will result; that is, those from the normal X normat
cross and those from the compound > compound cross. Childress
(2} pointed out that if a 25-percent fertile strain overfloods a
normal strain in a ratio greater than 4:1, then, theoretically, the
normal strain will be totally destroyed and replaced by the com-
pound chromosome strain after a number of generations. Further,
if the self-sterility of the release strain is 50 percent and if the
normal strain is overflooded in a ratio exceeding 2:1, then the
normal strain eventually will be totally replaced.

I the normal strain is replaced by the chromosome-bearing
strain during the regular favorable season for survival (permis-
sive conditions) but the compound chromoesome strain cannot
survive because of conditionally lethal characteristics during the
subsequent unfavorable season (vestrictive period), both strains
should essentially disappear. Thig will be considered in a sub-
sequent section.

If males only of a compound chromosome-bearing nondiapause
strain were released, then the final impact on the target popula-
tion would be identical to that produced by releasing sterile males.
A compound chromosome-bearing strain could not be establighed
in the ecosystem in the absence of compound chromosome-bearing
females.

Conditionaliy Lethal Mutations

The major handicap in the use of recessive lethal mutations for
popuiation suppression lies in the unaveidable use of release
strains that are heterozygous for the mutation. Thus for every
lethal ailele that is introduced into the population, a normal alinle
15 also introduced. This difficulty can be circumvented by the use
of conditionally lethal mutations. Conditionally lethal mutations
permit an organism to survive under certain cenditions (permis-
sive) but not under other conditions (restrictive). Temperature-
gensitive lethals are an important class of conditional mutations
that should be useful for suppressing pest species—swhether or
not a formal genetics has been erected (4, 87, pp. 455-465; 3§;
38; 45, pp. 183-187; 48).* The inability to Ay should be an im-

* Bartlett, A. C. Persanal communication, Western Cotten Insects Labora-
tory, Phoenix, Ariz. 85040,
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portant conditional lethal for insects that need to fiy to repro-
duce successfully. Such a mutation in the boll weevil would ex-
press itself when the insects attempted to leave the cotton fields
for hibernation or when leaving hibernation sites in search of
host plants.

Another rich source of conditional lethals are found in adapta-
tions of pest species to climate. Insects are adapted for survival
in regions marked by climatic extremes during the annual cycle.
These adaptations synchronize the insects’ sensitive growing
stages with seasens when food is present and freezing fempera-
tures and droughts are absent. Further, these adaptations permit
survival during periods of extreme cold and lack of water or food.
Characteristically, insects survive adverse periods by enfering
diapause befove the onset of an adverse period and by terminating
diapause only when favorable conditions again prevail. Many
pest species have wide ranpges of distribution in which seasons
vary greatly between localities. Therefore, diapause character-
istics of local populations must vary accordingly, and the char-
acteristics of local populations must be hereditary. To date most
thought has been given to utilizing the inability to diapause.
Other potential, conditional lethals are the inability to respond
to the appropriate critical photoperiod, inadequate duration of
diapause, and inability to develop sufficient cold hardiness {16
18, pp. 65-78; 18; 22; 28).

Hybrid Sterility

Hogan (15) pointed out that when an insect species has a wide
geographic distribution with a wide diversity of habitats, races
tend to develop with characteristics favoring survival in each
type of environment. The adaptations of each race are mainly
physiclogical and derive from mutations with survival value which
are not transmitted to other races because of repreductive iso-
lation. By such processes new species may be developed.

Allopatric populations may accumulate sufficient physiologieal
differences to prevent the development of embryos when hybrid
matings occur in interconnected populations. Indeed, Vanderplanck
(421) found that individuals of the allopatric tsetse fly species,
Glossina swynunertoni and Glossing morsitans, would intermate at
random but that the crosses yielded few or no progeny. Vander-
planck (41) suggested that control of G. swynnertoni must be
achieved by mass releases of G. morsitans in its population, and
vice versa. The numerically superior species would sterilize the
numerically inferior species. Once the indigenous species had been
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eliminated, the introduced species would fail to survive indefinitely
because it would not be adequately adapted fo the environment.

The Anopheles gambiae complex consists o7 five separate species
that are geographically isolated. Matings between the various
species in either dirvection occur readily to produce sterile hybrid
males and fertile hybLrid females. Sterility in males appears to
be caused by lack of complete homology of chromosomes which
cause exlensive asynapsis. As the result of asynapsis, the orderly
separation of chromosomes at melosis does not oceur, so that the
sperm do not receive the proper number of chromosomes. Females
are unaffected because they pass ofl aberrant chromosomes in the
polar bodies. Testes of hybrid males are not definitively developed
and are often devoid of sperm, yet the sexual behavior of hybrid
males may be enhanced by heterosis. Indeed, hybrid sterile males
appear to be suited for use in population suppression programs
(8, pp. 211-250).

Another example of hybrid sterility between allopatric races
was discovered in the gypsy moth, Porthetric dispar, by Gold-
schmidt (27, 12, pp. 480-481). Goldschmidt found that males of
strains from morthern Japan when crossed to females from
southern Japan or from FEurcpe pruduced fertile sons, but in
place of normal daughters, sterile intersexes appeared. Further,
if these I, males were backerossed to females from southern Japan
or Burope, fertile sons and sterile intersexes were produced. Ini-
tially Goldschmidt had suggested thai sex was determined by
Mendelian factors, then in his 1915 paper Goldschmidt (28) pre-
sented data that led him to believe that both Mendelian and eyto-
plasmic factors are involved. Goldschmidt sugpested that the
X chromosome has male-determining factors that must be prop-
erly halanced by female-determining factors. Goldschmidt believed
that the male—having two X chromosomes—has two doses of
male-producing factors and has one dose of female-determining
factors in the cytoplasm.

Further, Goldschmidt believed that the female has one X chro-
mosome providing only one dose of male-determining factors that
s balanced against the one dese of femate-determining factors.
However, the “strength” of these factors varies befween peo-
graphic races. In particular, males from northern Japan have
strong male-producing X chromesome factors while males from
southern Japan and Europe have weak male-determining factors,
In each strain, the female-producing factors have the appropriate
“strength” to produce a male if the embryo cells have two X
chromosomes and fo produce a female if these cells have one X




12

chromosome. Interracial crosses bring together improperly bal-
anced male- and female-determining factors so that intersexes
may be produced.

Based on this interpretation, Downes (7) proposed that strong-
race males could be used to suppress the weak race in North
America. However, Goldschmidt (72) withdrew some of his
earlier conclusions and suggesied that female sex determination
is not cytoplasic but dependent on the Y chromosome. Further,
he indicated a phenomenon that could hinder the suppression of
the gypsy moth by the method of Downes. Evidently, a strong
male sometimes may appear with two X chromosomes and a Y
chromosome. Such males occasionally may produce sperm bearing
a Y chromosome and produce fertile daughters when mated to
a female of the weak race. Thus, the mass release of strong males
only into North American populations could result in the trans-
mission of the Japanese Y chromosome to produce fertile hybrid
females. Such females would be weak X, strong Y. These females
would mate to the released Japanese males to produce a new
generation with females strong X, strong Y (similar to Japanese
females) and weak X, strong X males. The strong Y chromosome
could be established and displace the weak Y chromosome in the
American strain. Here, further releases of strong males would be
futile, and other means would have to be used to suppress the
local population. Of course, this technique in itself should not
discourage work to develop the method of Downes, but such an
effort should include research to actually establish the mecha-
nism of sex determination in the pest. At the outset an effort
should be made to determine whether the gypsy moth has a Y
chromosome,

Another potentially useful example of hybrid sterility was dis-
covered by Graham and cthers (74) by crossing the cattle ticks,
Boophilus annulatus and B. microplus. Cross-mated females pro-
duce normal numbers of eggs with normal hatch, and the F,
progeny are normal in vigor and longevity. However, the hybrid
sons are more than 99 percent sterile, and the hybrid daughters
are partially sterile. Graham and others (74} suggest that these
hybrid males might be used for genetic control of either species,
although such an attempt would have to be preceded by additional
research. As we will consider later in discussing inherited hybrid
sterility, if the hybrid sterility persists in backcrosses, such ste-
rility mechanism could prove useful as a means of suppressing
low-level, incipient infestations.
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Cytoplasmic Incompatibility

Cytoplasmic incompatibility has been studied most extensively
in Culer mosquitoes, i3 known to occur in Aedes scutelluris mos-
quitoes, and has not been found in houseflies. When males of =
given strain of . pipiens are crossed with females of a strain
from a different geographical area, the number of progeny may
be normal, small, or zero. These crossed strains are referred to
ax compatible, partially compatible, or incompatible, respectively.
Partial compatibility and incompatibility ave caused by the block-
age of the sperm after it enters the egg and before its nucleus
can participate in forming a diploid zygote. Wevertheless, cleav-
age divigions and embryogenesis may oceur: yet, such ambryos
die before hatehing because they are haploid. Cytoplasmic in-
compatibility is a naturaily cceurring phenomenon and has heen
used to totally suppress Culer poputations. Laven and Aslamkhan
(27) suggest that the combination of cytoplasmic incompatibility
with translocation heterozypmosity could be a powerful, suppres-
sive system. Yen and Barr (49) found a rickettsialike micro-
organism, possibly Walbachia pivientis, in eges of Culexr but not
in the sperm. These authors supgest that various geographical
strains of this micro-osrganism are well-adapted symbionts of the
Cutlex mosquitoes in the areas where they are usually found. How-
ever, these transovarially transmitted symbionts are deleterious
to the sperm of strains from other geographical areas.

Meiotic Drive and Sex-Determination Abnormalities

Meiotic drive refers to the preferential recovery of one par-
tienlar member of a pairv of homologous chromosomes at meiosis,
that is, wide deviation from the expected 1:1 ratio (J6). For
example, in the yeliow fever masguite, Craig and others (8) dis-
covered an inherited factor, Distorter, which causes a male to
produce a disproportionate number of sons. These high male
ratios are the consequence of males with Distorfer producing a
normal complement of male-determining sperm and a deficient
complement of female-determining sperm. Meiotic drive has been
considered as a mechanism to carry desired deleterious genes into
a wild population. Foster and others (¢) postulate that such
meiotic drive is closely associated with recessive sterility, thus
preventing the fixation of the desired genes in the population.

I0T-41B 0 -6 -3
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However, as shown by Novitski and Hanks (33), meiotic drive
could involve many different biological bases and i§ not necessarily
associated with recessive sterility. In female Drosoplila non-
random disjunction is a drive phenomenon associated with unequal
crossing over, that is, the shorter chromatid is recovered much
more frequently than the longer chromatid. Wagoner and others
(45, pp. 183-197) sugpest that a combination of a drive mecha-
nism in the male and nonrandem disjunction in the female may
prove to he an effective mechanism for populatiun suppression.

In certain strains of houseflies dominant male-determining
factors are found on autosemes 2, 3, and 5 (43). Thus, sex is
determined by mechanisms in addition to the X and Y chromeo-
somes. Further, in some housefly strains the Y chromosome ap-
pears to be replaced by an X chromosome. In some strains one
or more dominant female-determining factors are present as well.
Thus, strains have been synthesized in which the males, when
cutcrossed to females from wild strains, produce male progeny
only (289, pp. 38-387: 44 45, pp. 183-197). Wagoner and Johnson
(44) suygpest that the effect of releasing male-producing males
into wild populations would be similar to that obtained with the
sterile-male technique, with the exception that the use of male-
producing males is attended with the presence of many male fiies
in the wild population. Wagoner and Johnson (44) also sugpest
that for sterile-male programs to suppress houseflies, males from
a male-producing strain could be mated to females from a normal
strain in the laboratory so that males only would be produced for
sterilization and subsequent release. This procedure would cut
rearing #nd handling costs in half.

ESTABLISHMENT OF PARAMETERS
FOR THE POPULATION MODELS

Population simulation models can be useful in appraising the
relative efliciency of various genetic suppression mechanisms.
Such models should reasonably refiect the population dynamics
of insects that are pood candidates for control by genetic means,
In virtually all situations where insect control is likely to be
feasible by genetic manipulation, the natural pest population must
be at a low-density level for it to be practical to adequately over-
flood the natural population. Under such conditions the natural
density-related suppression forces are generally at the lowest
intensity. Thus, the natural population is likely to have nearly
maximum innate capacity for increase for the particular environ-
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ment in whieh it cxists. This potential for natural increase must
be nullified to cause a suppression of the population. The pur-
pose of genetic control will be to either suppress a low natural
population to an even lower level or to slow down the vate of
reproduclion enough to significantly delay population increase
to economiy threshold levels, The complete elimination of insect
populations may be the goal in some circumstances, but complete
eliminntion of populations usually will not be feasible or prac-
tical because of lack of isolation from immigrants. Tn such event
the genetic method might still play a prominent role as a selec-
tive means of maintaining low populations or lo delay the devel-
apment of egvonomic populations, In either eovent maximum
cificienicy can be expected only when pest populations are at very
low-density levels (173,

The number of insects present in weil-established natural pest
populations is generaily so high during periods of moderate- to
high-density levels that it will be impractical to rear and rclease
enough insects to achicve the desired suppression effect. On the
other hand, many important pest species are present in relatively
low numbers during periods of scarcity, or technology is available
for reducing the numbers to low levels by chemical, cultural, or
other means. Moreover, the technology on mass production of
insects has advanced to a remarkable degree in the past decade,
and it seems entirely feasible now to rear and release more genet-
ically altered insects than might be expected in natural popula-
tions of many species during periods of searcity or when pur-
posely reduced, Further advances in this area can be expected.
Developments to achieve maximum efliciency in the application
of genetie suppression principles, as well as in the production of
high-quality competitive insects, arc equally important since
nractieal wse of the genetie principles hinges on success in both
fields for any given pesi.

This study was made to compare the relative potential efficiency
of various genetic mechanisms, Thus, insefar as possible, all com-
parisons will be made using the same basie pavameters., All the in-
secis released are assumed to be fully competitive in mating with
members of the natural population. They are distributed so as
to have the same chance as the native insects for mating with
members of the natural population. We recognize fully that in-
veets released arve likely to vary in their ability to compete for
mates in a npatura]l population.  Also, we know that induced
sterilify by radiation or by chemical means, adversely affects the
vigor of some species. In all probabiiity, sterile hybrid insects
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produced by crossing different species or races may not have the
same ecological or mating behavier as the target species. Also,
various genetic defects engineered into strains may adversely
affect the vigor or behavior, or both, of the individuals released.
Nevertheless, it is important to appraise and recognize the in-
hevent capability for suppression that differenl genetic mecha-
nisms have. This can be important in establishing priorities for
research on vavious types of genetic mechanisms both in the
laboratory and in the field. The aeturl performance of insects
released in the field is the final test for any genelic suppression
mechanisms, but such an evaluation is outside the scope of the
study reported here,

Unless otherwise specified, the relative suppression petential
for different genetic mechanisms will be caleulated on the basis
of two release syastems: {1} The release of insects in one gener-
ation {parent) only; (2) the release of insects for three succes-
sive generations (pavent, F,, and F. generations),

To compare the relative efficiency of the different genetic sys-
tems, most of the releases are programed at the same rate each
generaltion. This does not mean that the release rate used is
neceasarily the optimal rate, but calculations based on constant
variables will facilitate an appraisal of the relative impact of the
difterent systems of suppression. Al hypothetical natural popu-
iations will start at the level of 1,000 females and 1,000 males.
The genetically altered insects will be released at the rate of
9,000 males each generation when releases are programed. This
will provide an initial ratioc of nine released males to one native
male in the first generation. The ratio of released to native in-
sects will subsequently vary depending on the number in the
natural population.

In some models males only will be released; in others, both
sexes will be released. If females are vreleased, they will ount-
number the native females by a ratio of 9:1 in the first generation.

The natural population and all insects capable of fertile matings
are assumed to increase fivefold each generation. This means
that a fertile mating will result in 10 progeny. No adjusi-
ments are made in the rate of increase of populations due to a
relaxation of density-dependent suppression forces. In genetic
control, we are generally dealing with low populations and density-
dependent suppression forces are neot likely to vary substantially
within the population range that will be maintained in practical
control. The sexes of all progeny are assumed fo be equal except
where the genetic mechanisms results in the death of one sex. The
female insects are monogamous. However, if sperm from the




17

released insects are fully competitive in all respects with those
from native males, polygamy will not significantly change the
results.

The parameters relating to the genetic effects produced by
various crosses will be deseribed for each mechanism evaluated.
In addition, examples will be given on how such calculations are
made.

TREND OF AN UNCONTROLLED POPULATION

To have a basis for evaluating the theoretical effects to be ex-
pected from any population suppression method, the trend of an un-
cantrolied population must be established. The species of pest is not
necessarily relevant in this study, although reference to kinds of
insects in which various genetic mechanisms have been observed
will be mentioned from time to time. The dynamivcs of various kinds
of insecls vary depending on the species, the nature of the en-
vironment in which it exists, the density of the population, and
the intensily of the density-dependent suppression forces. The
rate of increase for a population may vary from less than onefold
to many folds. However, for modeling purposes an average in-
crease rate of fivefold per generation has been adopted as a
realistic rate of increase for low populations of many insect
gpecies.

On the basis of these parameters an uncontrolled population
would grow as shown below:

Number of insecls

(eneration Q g
Parent o . 1,000 1,000
", 5,000 5,000
F. . ) 35,000 25,000
¥y . ... 123,000 125,000

Trend of Populations Subjected to the Release of Male
Insects That are Sterile Due to Radiation,
Chemosterilants, Hybrid Sterilization, Cytoplasmic
Incompatibility, and Compound Chromosomes

The released insects ave assumed to be fully sterile, fully com-
petitive in mating, and distributed so as to be accessible to all
members of native populations. A total of 9,000 males are re-
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leased during the first generation in one case and for each of
the first three penerations in the other. This will result in an
initial overflooding ratio of 9 sterile fo 1 fertile male competing
for mates with the 1,000 females present. The results are shown
in tables 1 and 2,

Caleulations applicable for the two tables are as fol-
lows : Fertile matings—Total fertile (normal) females in
the population \ the total fertile {normal) males -+ by
the total of all males -~ nomber of fertile matings. Num-
ber of fertile matings ~ 10 = the number of progeny,
half of which are females and half males,

e et i ~o o _LOGOF

Example: Fertile matings—1,000 Fo X 10,000 total

= 100 matingsy, L0 =500 v =500 progeny.

Sterile matings—1,000 Fyv X< 9,000 5 s =900 sterile matings
: ! “~10,000 total
. N0 progeny.

TABLE 1.—Trend of an insect population subject to sterile male
releases during 1 ogeneration only

Normal, Released Fertile
(ieperation fortile males  Ratio . Prograny number
. . mutings
insects wslertles
¥ 4 Number §.F Number Q a
L yparent| - 1,000 1,000 9,000 §:1 104 500 500
200, oo 300 500 0. .. 500 2,500 2,500
RENY P . 20500 2,500 0. . 2500 12,5006 12,500

40y 12,500 12,500 ] .. 12,500 62,500 62,500

TABLE 2.—Trend of an insect population subjection to sterile male
releases in 3 successive generetions

Normal, Relensad

Goeneration fertile males  Ratio her!ﬂe Progeny number
. o matings
insecls isterilet
9 oy Nwomber  5F Number Q ey
1 parent ! 1,000 1,000 4,000 5:1 100 500 500
LA 300 500 9,000 15:1 26 3 141 151
3.Fo 131 1 9,000 68 T:1 19 ] ]

4y 8 g 0 .. 9 43 45
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The models showing the theoretical trend of populations sub-
jected to sterile-male releases have been depicted in many pre-
vious pubiications. However, they are again duplicated here to
serve as a standard of comparison with results obtained from
all other genetic mechanisms that will be considered in this
study. Releases of sterile males for one generation only merely
delays the growth of a population. Theoretically, the population
in the different generation after the first will be only one-tenth
as large as that of the uncontrolled popnlation.

The population subjected to sterile-male releases for three
successive generations, theorvetically, will be reduced to near the
point of extinction. However, if releases are discontinued, the
nine insects of each sex in the F, generation will increase at the
normal fivefold-increase rate. The relenses of each successive
generation have a progressively greater suppression impact be-
cause of the increasing ratio of sterile to fertile insects in the
population. This outstanding characteristic of the genetic sup-
pression procedure is well recognized and needs no further dis-
cussion.

The theoretical results, however, would be the same if sterile fe-
males were also released aleng with sterile males. However, only
sterile-male releases are consgidered here because some of the ste-
rility mechanisms, such as hybrid sterility or cytoplasmic in.
compatibility, may not cause sterility in the females.

From the standpeoint of inherent efficiency, the suppression
effect will be the same regardless of the way that males are ster-
ilized. This does not mean, however, that in actual practice the
results will be the same. [nsects sterilized by radiation or chem-
icals may not be fully competitive in mating. Moreover, aperm
from sterilized males may not be fully competitive with normal
sperm, which would be defrimental when females are polygamous.
Insects that are sterile because of hybridization, whether due to
thromosome rearrangement, cytoplasmic incompatibility, or other
genetic effects, may be move competitive in mating. On the other
hand, male sterility produced by crossing species or races could
produce hybrids that will not compete fully with males of the
target species because of diflerence in behavior. Thus, one cannot
predict which method of sterilization will be the most effective
until careful flield studies are made. However, for this compara-
tive study we assume equal competitiveness in all cases, and con-
clude that the potential suppression of reproduction in a target
pest population by releaging sterilized males will be the same
regardless of the manner of male sterilization,
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The theorvetical effects due to sterile-male releases will be re-
garded as the sfandard of comparison for other genetic suppres-
sion mechanism to be considered in later evalnations.

Trend of Population Subjected to the Release
of Parlially-Sterile Malies (Inherited Sterility)

Several investigators have shown that certain insects (prin-
cipally among Lepidoptera) veceiving a given dosage of radiation
or chemosterilants may be only partly sterilized, but the progeny
of treated male parents N nrormal females are more sterile than
the male parent. This has been called inherited sterility. When
the theoretical effects of such sterility mechanisms were first
caiculated by the modeling procedure followed in this study,
such action was shown to offer a potentially morve effective sup-
pression mechanism than the release of completely sterile males
(21). This was true, even disregarding the probability that male
parents rveceiving the lower sterilizing dosage will be more com-
petifive in mating and produce more competitive sperm than fully
sterile males,

It seems desirable to compare the potential of this mechanism
of suppression with various other suppression mechanisms to be
considered. As before, the theoretical effects will be calculated
when releases are made for one generation only and for three
successive generations. Treated males are assumed to be 60 per-
cent sterile when mated to normal females, but both scxes of the F,
progeny that are produced are regarded as 100 percent sterile
when mated to normal insects or when they mate with each other.
The results are shown in table 3.

Example of calculations (generation 2, for populations receiving
three releases):

Fertile matings:

500 Fo
—_ = < -
11,300 fotal ~ 221 FeX10

=111 ¥ ¢ +111 F: progeny.
Partially sterile matings:

9,000 60% S
11,300 totfal

500 e

560 F o =3982 Fex60% S3 x4

=798 Fe¢ 4796 F¢ progeny.

*If the males are G0 percent sterile, the number of progeny from each
mating will be 4, instead of 1§ for normal matings.




TABLE 3.—Trend of an insect population subjected to the release of partly sterile males during 1 and & genera-
tions?

Normal insects Number and type of i Number and type
ifertile; competing insects of progeny
e s o . R Matings that

: Other produce progeny
Released - oo Do 0 "

s o

Generation

Releuses during generation |

1 parenti . : , ¥ 1,000 9,000, 60¢; S 0 0  100F ¢%XF & 500 F 500 F

900.F ¢ X80 § & 1,800 S 1,800 S
2R : 500 0 1,R00S  1.800S 108 TF ¢ XF & 543 F 543 F
3iFy .. R 54 543 0 0 0 548 F ¢xF 2 2,715 F  2,715F
4P 2 2,715 0 0 0  2.715F 5XF 4 13,575 F 13,575 F

Releases during generaltions 1, 2, and 3

1 {parenti. . . 1,000 9,000, 609 S 0 0 100 F 9 XF 500 F 500 ¥
, 900 F ¢ X60% S o 1,800 8 1,800 S
5 0 I 500 9,000, 60% S 1,8008 1,800S 22 1F ¢XF & 111 F 111 F
398 2F 9 X60% S & 796 S 796 S
8 (Fa)oovnni ot 111 9,000, 60% S 796 S 796 8 124F @XxXF & 6F 6 F
100.8 F 92 X60%S o 202 S 202 S

AR L 6 0 202 8 202 S. <1 F mating 0 0

‘ 208°'S matings 0 0

! F={ertile; S=sterile; 609, S=60 percent sterile when mated to normal females.
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Completely sterile matings:

500 ngll,SOO 38

W:BO o X8 ¢ =ne progeny

500 Fo
1,800 S¢ xm_% S ¢ xF ¢ =noc progeny

1,800 S¢ Xll,SOO 34 287 3¢ %8 4 =no progeny

1,300 tofal

5,000 60% S

1800 89 X=77550 total =

1,433 S ¢ x609% & =nc pregeny.

The release of partiaily sterile males having the effects pro-
jected is a substantially more effective suppression mechanism
than the release of completely sterile males. This is indicated for
rejeases for one generation or for three successive generations,
[nherited sterility effects of the nature projected seem limited
to species with holokinetic chromosomes, such as Lepidoptera and
Hemiptera.

When releases are made in the first generation only, the sterile
progeny present in the second generation (F,}, which are pro-
duced from matings by a partially sterile male and normal female
parents, have a delayed suppression effect that cannot vecur when
completely sterile males are released. The population by the F,
generation will number 2,715 fertile insects of each sex as com-
pared with 12,600 of each sex when completely sterile males are
released for ohe generation only, More than three times as many
sterile males must be released in the first generation o achieve
the theoretical suppression resulting from the release of partially
sterile males for one generation. Thig does not take into account
possibie reduced competitiveness of males receiving the com-
plete sterilizing dosages.

Whether the partially sterile males will, in fact, result in the
degree of sterility shown during the F, generaticn wv¢mains to
be seen. Investigations by varicus authors indicate that progeny
from partially sterile males are affected in various ways. Sex-
ratio distortion occurs in favor of males, and indications are that
', males from such crosses may not be fully competitive in sperm
transfer. Both F, males and females show a low leve] of fertility
when mated to normal insects. On the other hand, some persist-
ing sterility in F, progeny that may be produced is evidenced.
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Thus, the assumption of complete sterility for the progeny of a
partially sterile male parent seems reasonable. Xliassen and
Creech (18, pp 6835-79) have alsc calculated the effects of the re-
lease of partially sterile pink bollworm males based on genetic
effects in the I, and F. generations, as cbserved by Graham and
others (18).

Toba and othery (40) conduected large cage tests comparing the
suppression effects due to fully sterile males and partially sterile
males of the cabbage looper, Tricheplusia ni. Greater suppression
was achieved from the refeases of partially sterile males. Thus,
it seems that the conclusions reachked in the theoretical appraisal
are valid in principle, if not in exact detail,

The advantage of using partially sterile males over completely
sterile males is alse indicated when releases are made for three
successive generations {table 3). When partially sterile male
releases are made for three successive generations, the F, popu-
lation, according to the parameters, would consist of six normal
males and six normal females, but 202 sterile insects of each sex
woeuid also be present. This ratio of sterile to normal insects
would lead to theoretical elimination of the population without
making any additional releases. In the population subjected to
the release of completely sterile males for three successive penar-
ations, nine fertile insects of each sex would remain in genera-
tion 4. Therefore, sterile male veleases would have to continue
in the fourth (F.) generation to achieve theoretical elimination,
Thus, on the basis of this analysis, sterile male releases would
have to be made for four generations to have the same impact
as releases for three generations when partially sterile males that
tranamit genetic effects to progeny are released.

We conclude that the inherited sterility mechanism resulting
from the release of partially sterile males is potentially a more
effective method of suppression than the sterile male release
method. In addition, there may he further and more important
advantages because of a higher degree of competitiveness of the
maleg receiving the lower sterilization dosage.

In the application of the sterile-insect technique, the insects
to be released are generaily irradiated as pupae in the late stages
of development or as adults soon after eclosion. The treatment
of insects in the immature stages using moderate to high dosages
generally causes severe damage and leads to death before adult
emerpgence, or if there are survivors, they are likely to be de-
formed.

Recent investigations by Nielsen and Lambremont {(unpub-




lished)* have shown that dosages of irradiation as low as 1-3 Krad
when applied to immature stages of the greater wax moth,
Galleria. mellonelle (Linnaeus), may cause no apparent adverse
effects to eggs, larvae, or pupae but result in varying degrees of
disruption of normal repreduction by the adults. Some earlier
observations on the effects of low dosages of irradiation on sur-
vival and reproduction of emerging adults when eggs and larvae
are treated were reported by Bartlett and others (7) on the pink
bollworm (Pectinophora gossypielle {Saunders), and by Walker
and others (44, pp. 518-524) on the sugarcane borer, Diagtraea
Saccharalls {Fab.). However, these investigations appeared to
have been foo limited to indicate the potential usefulness of moths
veared from irradiated immature stages. The effects of a range
of dosages of irradiation applied to eggs, larvae, and pupae in
different stages of development were investigated by Nielsen and
Lambremont through the F, generation. The irradiation of im-
mature stages with low dosages fended to affect the fecundity,
fertility, and sex ratio of adults emerging from the untreated im-
mature stages, and if suppression occurs with untreated insects,
the I, progeny may inherit damage that causes partial sterility,
sex distortion, or other adverse effects.

While some promising results were obtained from low dosages
of irradiation applied to eggs, larvae, and pupae, the results ob-
tained by irradiating 4- to 5-day-old eggs seemed to show most
promise for the application of the inherited sterility principle.
Inhibition of reproduction results from several causes. More males
than females survive to the adult stage. When males or females
mate with normal moths, epg hatch may be reduced. The sur-
vival rate of those that do hatch may be low, and again, males
are more likely to survive than females. The F, progeny inherit
sterility effects that cause a reduction in F. progeny in relation
to normal insects. The total accumulative effect of such treat-
ment applied to egps seems to be much greater than that which
can be achieved by the release of males that are completely sterile
or by the release of males partially sterilized during the pupal
or adult stage.

If the reported results with the greater wax moth can be sub-
stantiated and if similar effects are produced in other economie
Lepidoptera, this mechanism may prove fo be more effective and
more economical than the conventional sterility technique.

* Nielsen, R. A, ARS, U.8, Department of Agriculture, and Lambremonl,
E. N., Louisiann State University, “Radiation Biology of the Greater Wax
Moth.” [Unpublished.]
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Trend of Populations Subjected to the Release of
“Strong-Race” Males

A genetic mechanism involving cross matings between males
of a Japaunese strain of the gypsy moth, Porthetria dispar, and
females of the American strain of this pest was reported by
Goldschmidt (11, 72). Males of the “strong” northern Japanese
strain, according to Goldschmidi, when crossed with females of
weak strains, such as those in Burope and the United States, re-
sulted in female prmgeny that are sterile and die. The hybrid
male progeny are “criile and carry the suppression factor desip-
nated as the strong-race factor. When these hybrid males are
backerossed with females of the regular American strain, half the
females are sterile and die, and half are apparently normal. Half
the males are normal weak race, and half earry the strong-race
factor but arve fertile. Downes (7} suggested that this genetic
mechanism might be useful for the suppression of gypsy moth
populations. While the penetic effects of various crosses and
backcrosses have not been {ully elucidated, we will assume that
matings involving strong-race males to native weak-race females
will result in the following type of lethal effects.

We will categorize various genotypes with the following sym-
bols:

SR & =—strong-race males (homozygotes)—fertile
SR-WR 1 .-heterozygous stronu-race, weak-race males
- fertile
SE-WR ¢ o helerczygous females (lethal)
WR 1 or WR ¢--uormal males or normal females—fertile

The various mating crosses in a natural population after SR
males are released would produce the following types of progeny:

WR 28R ::-1, 3R-WR ¢ (die); 15 SR-WR 4, fertile

WR ¢ X8R-WR i =:!) S8R-WR 2 (die}; 14, WR ¢, normal;
Iy SR-WR ¢, fertile; ', WR ¢, fertile

WR ¢ x\WR r-rnormal fertile males and females (WR)

The lethal effect of the sirong-race factor can be transmitted
only by males earrying the factor either in the homozygous or
heterozygous state.

YWe assume, as before, that all males in the population are
equally competitive in mating. The strong-race males will be re-
leased in the first generation only in one case and for three suc-
cessive generations in the other. The natural population consists

207418 O - T6 - 4
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of 1,00¢ normal males and 1,000 norma! females and will have
a fivefold increase potential, Releases of males will be at a level
of 9,000 each generation when releases are programed. The types
of matings and progeny resulting from the releases are shown in
table 4,

Example of caleulations {generation 2, for population receiving
three releases) :

Normal fertile matings:

500 WRa ...« N

=89 WRe¢ 189 WRs.
Heterozygous WR male matings:

4,500 SR-WR s

500 WR ¢ X=7500 total

=180.7 WR ¢ x8R-WR s x10

—402 WR ¢ -402 WR ¢
+402 SR-WR ¢ (die)4+-402 SR-WR 4.

Homozygous SR male matings:

. 9,000 SR g
14,000 total

5800 WR e X =321.4 WR¢ xXSRg

=1,607 SR-WR ¢ (die) +1,607 SR-WR 3.
Total novimal fertile WR progeny—491 ¢ 1481 3.
Total heterozygous SR-WR=2,000 3.

The calculations for the release of strong-race males for one
generation show that this system would be substantially more
effective than one generation release of sterile males of the reg-
ular strain. By the F', generation the population would consist
of 5,328 normal WR females and 5,328 normal WR males. In
addition, 1,547 heterozygous males would be carrying the SR-WR
factors. The presence of these would exert some suppression in
the next (F,) generation, although this would not be highly sig-
nificant because of the relatively low numbers present. The F,
generation would consist of 23,842 normal insects (WR) of each
sex. In contrast, when releases of fully sterile males of the reg-
ular strain are made, we would expect the population to build up
to 62,600 of each sex by the F, generation.

The results of calculations to determine the effect of releases
cf strong-race males for three successive generations gave results
that were not anticipated. We expected that the release of strong-
race males for three successive generations would also show a
greater suppression than the release of sterile males for three
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successive generations. However, this is not true. As shown in
table 2, the population subjected to sterile-male releases for thres
successive generations will be reduced to nine females and nine
males in the F. generation. These figures will increase to 45 of
each sex in the F, generation if sterile-male releases are not
made in the F, generation. In the strong-race release system,
the F. generation would consist of 319 normal weak-race males
and 319 normal weak-race females and 2,135 males carrying the
SR-WER factor. Without additional releases of males, the popu-
lation in the ¥, generation will be 854 normal individuals of each
sex and 347 males carrying the SR-WR factor, as compared with
4% normal males and 45 normal females when sterile-male re-
leases are made for three generations.

These results are based on the assumption that all the males
are fully competitive. It is possible that strong-race males, which
would not have to be treated for sterilization, would be more
vigorous and compefitive than the regular weak-race males ex-
posed to radiation or chemosterilants. On the other hand, there
could be behavioral differences in the strong-race males that would
reduce the effectiveness of the strong-race males below that cal-
culated. Thus, we can only predict what impact the two methods
would have on the assumption that the released males are equally
cempetitive in all respects.

The importance of establishing appropriate models to calculate
the theoretical effects of various potential genetic mechanisms is
strongly demonstrated by this case. In an initial theoretical ap-
praisal (unpublished) of the relative efficiency of strong-race and
sterilized males of the regular strain, a comparison was made on
the basis of releases for one generation only. This led to the
conclusion that the strong-race males offer a significant advantage
over sterilized males of the regular strain on the basis of equal
competitiveness. We must modify our conclusion based on these
studies and question if the genetic suppression mechanisms ex-
hibited by the strong-race strain would, in fact, be an advantage
over sterilization for the elimination of incipient gypsy moth
populations. No calculations have been made fo compare the
relative efficiency of the two types of males when the release
ratios are different from those programed in these models.

Trends of an Insect Population Subjected to Releases
of “Male-Producing’”’ Strains of Insects

Certain genetic factors can lead to the production of progeny
that are predominantly or all males, Craig and others (%) dis-




TABLF 4. —The effect of strong-race (SR) males of the gypsy moth on population trends following releases

Generation

1 ¢parent)

24k

KIS et

4 (Fyy. . ..

5 Fy).

agafmst 1and3 gmemtzons‘

Normal insects fertile:

Competing inserts

2,997 SR-WR

Matings *hat

Re- Other prroduee
Y o leased, progeny
Releases during gencration 1
1,000 WR 1,000 9,000SR 0 0 100 WR% xWR
ann WR ¢ X8R~
500 WR 500 WR ) 0 4,500 SR WR ~ 50 WK ¥WR~
450 WR 5 XSR WR 7
LBTEWR 1378 WR 0 ¢ 1,125 8R WR 756 2 WR S #WR.»
819 - NF % ®xSR WR.
5,328 WR 5,328 WR -0 0 1,547 SR WR - 4,129 WR2 XWRe
1,199 WR ¢ XSR WR¢
23,642 WR™ 23,642 WR 0 1)

Number and type of progeny

-y

500 WR
4.50008R WR

e

250 WR

1,126 WR
1,125 SR WR

o

3.781 WR

1,547 WR

1,547 SROWR

tdie’
20,6456 WR
2,997 WR
2,997 SR-WR

rdie)

o

500 WR
4,500 SR-WR

250 WR
1,125 WR
1.125 SR-WR

3,781 WR
1.547 WR
1,547 SR-WR

20.645 WR
2,997 WR
2,997 SR-WR




Releases during generations 1, %, and 3

1 iparent ). 1,000 WR - 1,000 WR 9,000SR 0 100 WR % xWR 500 WR 500 WR
i 900 WR % xSR-# 4.500. SR WR 4,500 SR-WR
‘die
2F. 800 WR 500 WR 9,000 SR 4506 SR WR 17T R WR5 AWR~ 89 WR &9 WR
160 7 WR % X8R WR = 402 WR 402 WR
402 SR WR 402 SR WR
sdie
321 4 WR ¢ %SR.» 607 SR-WR  1.607 SR WR
‘dies
491 WR 491 WR 9,000 SR 2009 SEWR - 21 WR4% xWR.# 105 WR 106 WR
&5 8 WR & ¥SR-WR» 214 WR 214 WR
214 SR WR 214 8R WR
rdies
2843 WR ¥ XSR-»7 021 SRWR 1,921 SRWR
rdie;
41 5 WR % XWR~# 207 WR 207 WR
2,775 WR 7 X8R-WRe& 347 WR 347 WR
347 SR WR 347 SR 'WR

efie

4 iF o 319 WR 319 WR 2,135 SR WR

S(Fa.....7 b WR 554 WR 0~ 0 347 SR WR

! WR =normal ‘weak-race females and males, fertile; SR =strong-race homozygous males, fertile; SR WR = strong-race heterozygous
males, fertile; SR~WR = heterozygous females, die.




30

covered strains of dedes aegypti that produce up to 95 percent
male progeny, and similar strains are known in Drosophila. Also,
Wageoner (43) produced a strain of house flies in which males
carrying a male progeny factor will produce all male progeny
when they mate with normal females. We assume that most of
these genetic mechanisms would function as described below. The
male-producing factor will be called the M factor. Males homozy-
gous for the factor will be designated as MM. The heterozygous
maies will be designated as Mm. However, half the males XXMm
are incapable of mating, The NyMm males are fertile, capable
of mating, and capable of transmitting the M (male-producing)
factor. When such MmXy males cross with the normal females
mmXX, the progeny segregate as follows: one-fourth are normal
females; one-fourth are normal males ; one-fourth are XyMm fertile
males; and one-fourth are XXMm males incapable of reproducing.

We will calculate the effect of the release of 9,000 male-
producing (MM} males into a normal population consisting of
1,000 females and 1,000 males. The effects of the male-producing
strain will be calculated for male releases in the parent gener-
ation only and when releases are made in three successive gener-

ations. The results are shown in table 5. All basic parameters
are as previcusly described.

The genetic mechanism that results in male progeny only when
male-producing (MM) males eross with normal females has the
same impact on reproduction as the strong-race male factor. The
mechanism differs by producing some males that cannot repro-
duce, as contrasted with the strong-race factor by producing
some females that die.

Example of calculations (generation 2, releases for three gen-
erations):

Normal fertile matings:

500 NTF s

500 NF ¢ Xy ms totat

=17.8 NF ¢ XNF4 x10
=89 NF¢-4+83 NFgs.

Heteroaygous XyMm male matings:

4,600 XyMM 5
11,000 total =1680.7 NFoxXyMM Fga
=402 NF¢ 4402 NF s 4-402
XyMm ¢, fertile,
+402 XXMm s, nonreproducing.

500 NF ¢
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Homozygous MM male matings:

9,000 MM ¢ .
= T Phdl .0 NF 2 v MM .
500 I\FQXM,OOO totalmg"lA NFz>»xMM P
= 1,607 XyMM I«
41,607 XXMm ¢, nonproducing

Total normal fertile (NF) progeny—d491 9 +491 ¢,
Total heterozygous fertile males carrying the XyMm male-
producing factor=-2,009 .

Releaves of males for one generation enly (parent) so as to
overflood the natural male population by a factor of 9:1 cause
greater suppression than the release of the same number of fully
sterile males. Thus, on the basis of releases for one generation
we conclude that the system is more effective than the sterile-
male release technique. However, this does not hold when a com-
parison {s made of releases for three successive generations. Like
the release of strong-race males, the release of male-producing:
males for three successive generations iz less effective than the
sterile-male technique. Again this assumes equal competitive-
ness of males for both mechanisms. Greater competitiveness of
males possessing the male-producing genetic factor or the strong-
race factor, over males sterilized by radiation or by chemieal
means, could nullify the inherent advantage of the sterile-male
technique. A possible advantage of the male-preducing factor
over the stronp-race factor, if there is any, might be that the
male-producing factor involves the use of strains of an insect
that should be the same as the target strain from a behavioral
standpoint. The strong-race mechanism involves the release of
a different rave of an insect which could have mating behavioral
characteristies or ecological preferences that would differ from
the target species in a natural environment,

Trends of a Population Subjected to the Release of
Insects That Inherit Sterility From Interspecific Crosses
(Inherited Hybrid Male Sterility)

Laster (26) has recentiy reported on the occurrence of inter-
specific hybridization of Helinthis virescens (F) and Heliothis
subflera (Guenee). Information obtained in his studies may be
briefly summarized as follows: When males of H. virescens are
crossed with females of H. subflere (which they are reported to




TABLE 5.—The impact on reproduction when male-producing (MM) males are released against 1 and 8 &
generations®
Number and type

Normal insects
of progeny

X Competing ingects
fertiles peting

Generation e Matings that produce s o
: Other progeny
9 7 - Released, 4 -~ —~ - : ¢ e
Kt 4
Releases during generation 1
1 éparents. ... 1,000 1,000 9,000 MM 0 ] 00 N9 KNP 500 NF 500 NF
900 N7 %900 MM 2 0 4,500 XyMm F
4,500 XXMm,
nonreproducing.
2iF. ... 500 500 0 04,500 XyMm F 50N X550 N~ 250 NF 250 NF
450 N % »XyMm Fg 1,125 NF 1,125 NF
1,125 XyMm F
1,125 XX Mm,
nonreproducing,
8(Fy. . .. .. 1,375 1,315 0 0 1.125XyMm T 756 2N ¢ XN 3,781 NF 8,781 NF
619 N9 XXyMm F& 1,547 NF ' 1,547 NF
1,547 XyMm F
1,547 XXMm,
nonreproducing’
4 (Fs). ... . 5,828 5,328 0 0 1,547TXyMm T 4,129 I1N¢ XNg 20,654 NF 20,654 NF

1,199 N¢ XXyMmFg 2,997 NF 2,997 NF
2,997 XyMm F
2,997 XXmM,
2,997 XXMm,
nonreproducing.




23,644 - 23,644, 0 2997 XyMm F
Releases during 4 generations

1 'parent 1.000  1.000 9.000 MM ] 00N 5 XN~ : 500 NF
900 N5 »900 MM~ F 4.500 XyMm F
4,500 XXMm,
nonreproducing,
4,500 XyMm F 17 XN \ &9 NF
160 TN % %3 :J\Im?F 2 N 402 NF
402 XyMm F
402 XXMm,
. nonreproducing,
MM .7 F 1.607 XyMm F
1,607 XXMm,
nonreproducing. .
491 9,000 MM 2.009 XyMm F *N # ] ] 105 NF
g X XyMm<s F 2 ' 214 NF
214 XyMm F
214 XXMm,
nonreproducing.
N% XXMM+ F 1.921 XyMm F
1,921 XXMm,
nonreproducing.
1356 XyMm F 41 L XN 207 NF 207 NF
N% XXyMma F 47 347 XyMm F
347 XXMm,
nonreproducing.
554 347 XyMm F

NF = normal fertile males 'md females M= homozygous for ma)e producmg factor; }&me ——heterozygous for male- producmg factor
F =fertile; XXMm = heterozygous for male-producing factor, nonreproducing.
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o readily in the laboratory), the male progeny are completely
sterile when mated to H. virescens or H. subflexa females. The
F, hybrid males are alse sterile when they cross with the F,
hybrid females. However, substantial reproduction occurs when
the F, hybrid females are backerossed with H. rirescens males.
The IF, hybrid {females when crossed with H. sudfiera males pro-
duced ne progeny. On the basis of these effects, Laster proposed
that the hybrid male progeny from the H. virescens & X H. sub-
flexa v matings may be useful in the application of the sterile-
male fechnigque. A diflerential in size and time for development
of hybrid male angd hybrid female pupae would facilitate the
separation of sexes. Further studies by Proshold and LaChance
indicate that the sterility of male progeny is caused by their
inability to transfer eupyrene sperm, and that this inability may
be caused by difliculties in pairing of the chromosomes during
meiosis.”

The findings of Lasler are, indeed, interesting. As he points
out, the male hybrids may provide a superior sterile male for
suppressing H. virescens, one of the Nation's most damaging pests.
However, based on the releases of males only, the effects should
be the same as those produced by fully sterile and competitive
males. The theoretical effects of releasing both hybrid sterile
males and hybrid sterile females were caleulated. The results
were surprising and spectacular. Since the F, hybrid females are
fortile when backevossed to H. virescens males, one is likely to
assume tiat the release of the fertile hybrid females along with
the sterile hybrid males would be a disadvantage in suppression
and would create risks from the standpoint of crop damage. We
will show, however, that this is not true if the genetic effects of
the various crosses are as reported by Laster,

According to data presented by Laster, the sterility persists in
the I’ hybrid males (T, hybrid female backereossed to H. virescens
males) and fertility also persists in the F, hybrid females. Indeed,
these effects are observed for eight recurrent backerosses” On
the basis of these observations, the effects on reproduction of the
viarious crosses can be summarized as follows:

® LeChance, L. E., Personal communieation, Metabolism and Radiation Re-
search Laboratory, Farpo, N. Dak. 58102,

* Laster, M, L,, Personal comnmwunication, Delta Branch, Mississippi State
Agricultural Experiment Station, Stoneville, Miss. 38776.
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Parent: H. virescens : < H. subflexe i = ¥, hybrid males and
females,

. hybrids:
F.ohybrid : ~ H. rirescens §© -no pregeny
F. hybrid * < H, subfera ©  no progeny
Fohybrid - F hybrid v no progeny
Fohybrid | - H. subflera + no progeny
.o ohybrid o AL viresecus 0 reproduction with
viable F. progoeny.

F. hybrids:
F. hybrid ¢~ H. vereseens 7 no progeny
F. hvbrid @« H. subflera + - no orogeny
' hybrid ¢+« V. hybrid v ne progeny
K. hybrid ¢ < H. subfleqa - - no progeny
F.ohybrid o < H. viveseens ¢ reproduction with
viable progeny.

F. hybrida:
Fohybrid * N H. eireseens 7 no progeny
I hybrid < « H. rireseens * . reproduction with
viable progeny.

Using the data prescated, ealeulations were made to determine
the effect of releases of both sexes of the hybrid progeny when
released to compete in a normal H. virescens population. The
refease of the sterile hybrid males only theoretically would have
the same elfect as the rvelease of males sterilized by radiation or
by chemosterilunts. The same basie parameters are used as de-
seribed for ealeulating the effects of other genetic mechanisms.
Caleulations were made for releases made for one generation only
and for two suvcessive generations. (Theoretically, releases would
nut need to be programed for three generations, as considered for
other genetic mechanisms.) The results of the calculations are
presented in table G.

The various insects will carry the following symbol designa-
tiong:

N normal

F fertile

5. sterile

H. K. hybrids

H - F hybrids (progeny from the backeross of F, hybrid
5 to H. evireseens ).
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H. - F. bybrids {progeny from the backeross of F. hybrid
y to H. vireseens :}.
H.. o F.and F hybrids

Example of caleulations {generation 2, when veleases are made
in generations 1 and 2):

Normal fertile matings:

500 By x5600 B
14,000 iotal

7.9 matings L1083 N Iy 489 N Fga,

Hybrid fertile females normal males -

13,600 H ¥y _\5(;{1 1

21 482 matines
1000 {82 malings~ 10

--2.411 H,, .F 3,411 H,, .8
Sterile matings:
3,000 & ¢
000
13,600 § ¢
14,008
Toalal matingg 14,000,

B0 By N - 482 matings -no progeny

13,000 H g~ 13,018 matings- no progeny.

The culewlaled eftects due to the release of both hybrid sterile
mates and hybrid fertile fomales for one generation arve, by far,
the most impressive of the varipus genetic mechanisms considered
thus far. Even thpugh a large number of fertile hybrid females
are releasod along with the sterile hybrid males, this does not
add to the reproductive capability of the population in compar-
ison with an untreated population because of the nuilifying effect
of the sterile hybrid males. The second gencration (F,) popula-
tion would tetal 10,000 including both sexes, which wounld be the
same as the normal untreated population increasing at a fivefotd
rate. Of this number, however, 4,500 would be hybrid sterile
males, and 800 would be fertile males competing to mate with
the 5,000 fertile femuales. Thus, only 500 fertile matings would
he expected, in contrast with 5,000 for an unconirolied popula-
tion. The popuintion would theoretically be further reduced by
haif to a total of 5,000 in weneration 3 (F.), and only 250 fertile
matings would be expected as compared with 25,000 expected
fertile matings for an uncontrotled population. By generation 4
the number of fertile matings would be 125 as compared with
125,000 for an uncontrelled population.




TABLE 6.~Impact of releases of stevile hybrid males and fertile kyhrid females that transmit sterdlity to male
progeny and the sterility factor to fn[zl( female proyeny

Norntl isects : - Number and type

Cornpeting ihseets
fertile pring it

{ienera. : Matings thut
Tion Redesumia] tther proaduve progeny

»

e linteis dnriny geaeration 1 -

1 parent v 1,000 1,460 g.000 ¥ 9 000 118 () 0 TN « x N 00N
' quo JL.F L 2N 4 560 H.

500 N SO0 N f) {J 4 500 H I 500 118 HBON ¢ AN 250°N
) 470 H oy x N 250 HF

250 N 250 N ) 250 1. F 2,850 B8 25 N "'._." ‘. 125 N

205 H.F 4 xN » )HJ~

125 N 125 N 1125 H,E 1,125 H.8 12 5N #N .~ 6“’ i
112 51, B x N 7 5625 H I
: Releases during gencrations  and 2 )

1 iparenty 1,000 000 9,000 11, 9,000 ;S {] 0 100N+ #xN.7» HuO N T
900 H.F v »N » 4,500 H.F
21 500 500 9,000 H,F 9,000 0.8 4,500 0. 4,500 1.8 17 9N =N Y 8 NF

452 W, Fyv N2> 2411 H, . F°

3iFa . &9 89 0 0 2411 Hy il 2,411 HesS 3 2N x\' ’ 1IN F

F\.’) K I] )(N 429 ]'I“(F

41F. 16 16 0 0 4290, F 420 T5, 8 6N x\ » 3
15 4 H. ,11‘ X}\‘ 77 I{hgl‘

of progeny

500
.5uo
250
L2560
125
1.125
62 5

HIDUEE!

500
4,500
&9
2411
16
429

3

(ndsd
it

N
s
H.3
N
H;S

5N

” ;.S

NF
.8
NF
Tl‘.’«:S
NF
H.,S

H..8

¥ The population, theoretically, would continue to decline by 13 so long as the genetic mevh anism persists in the fertile hvbrld females

and-is transmitted to produee sterility in male progeny.
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In the sterile-male release system the number of fertile matings,
as may be noted in table 1, would be reduced by 90 percent in
generation 1, but the number of matings would increase by five-
fold each generation thereafter. The potential advantage of the
hybrid strain is thus fully apparent on the basis of releases for
one generation only,

The petential advantage of the hybrid strain gver the sterilized
H. virescens males is equally, if not more impressive, when com-
pared on the basis of successive releases. When two successive
releases are made, the number of fertile matings in generation 2
would total 500. In generalion 3 the number of fertile malings
would be 8% and in generation 4, 16. However, by generation 4
the 16 matings would all involve normal males and hybrid fertile
females, s0 no normal males would be produced. Theoretical
elimination would occur in the fiftth generation.

If the eflects on reproduction of the hybrid moths as reported
by Laster are econfirmed through additional investigations, this
could provide one of the most powerinl genetic mechanisms known
for the suppression of &, virescens. It is potentially more effec-
tive than the inherited sterility factor using partially sterilized
moths or the genetic effects, which were considered earlier, re.
sulting from the irradiation of eggs. Research is needed to detfer-
mine the behavior and competitiveness of the sterile hybrid males
and the hybrid females. Will the sterile hybrid males be com-
petitive in matings and in sperm production? Will the hybrid
tertile females be competitive with H. virescens females in the
attraction of both normal males and hybrid sterile males? Will
the hybrid males and females seek the same habitats in the eco-
system? Will the hybrid sterility effects persist, and will the
behavior of the hybrids be more and more like H. virescens as
the backerosses continue? These guestions need answers. How-
aver, on the basis of the reported genetic effects the calculations
gshow a preat potential for the inherited hybrid sterility mecha-
nisms.

The value of the modeling procedure developed for appraising
the eficiency of various genetic mechanisms is clearly indicated
by the result of this appraisal of the theovetical effects of the
genetic mechanism deseribed. One might expect that the release
of fertile hybrid females, along with sterile hybrid males, to in-
crease the nafural pnapuilation and pose a risk of erop damage
above that of the natural population. However, by employing
simulated population models te calenlate probable effects of both
male and female releases, the unique suppression effect was clearly
indicated.




39

Trends of a Population Subjected to the Release of
Both Sexes of a Compound Chromosome Strain

The genetic effects of compound chromosomes were previously
described and the poleniial usefulness of the suppression mecha-
nism, especially if a conditional lethal factor were linked with
the compound chromosome, discussed,

To appraise the potential effect of the suppression mechanism,
we will deviate somewhat from the format followed in earlier
models. The natural pest population will consist of 1,000 of each
sex as before. A nondiapausing strain bearing a compound chro-
mosome will be released at the rate of 9,000 females and 9,000
males as before. However, releases are progromed for one gen-
eration only.

The compound chromosceme arrangement in the strain is as-
sumed Lo result in 75 percent self-sterility when intramatings
gecur. All matings involving individuals bearing the compound
chromosome and normal insects will produce no progeny because
of chromosome imbalance, Normal matings will result in 10 adult
progeny {(fivefold increase). The matings invelving individuals
bearing the compound chromosome would also increase fivefold
except for the self-sterile factor. Thus, with an increase potential
of fivefold but a seif-sterile factor of 75 percent (25 percent fer-
tility), the actual increase will be slight. For example, if 100
insects are involved in reproduction, the expeeted progeny will
be 6.25%bx 106 = 125. Thus, some increase in the number of
compound chromosome-bearing insects will result from inter-
matings involving the compound chromosome strain. Also, the
expected increase from normal X normal insects will occur. The
total number of insects would, however, be much below that of
an uncontrolled population.

The most important suppression factor would be the condi-
tional nondiapause characteristic that would be expressed during
the winter. All insects bearing the gene for inability tc diapause
would fail to survive. This conditional lethal gene is assumed fo
oecur only on the compound chromosome.

On the basis of the parameters described, the population trend
and final result by the fourth generation would be as caleulated
baiow.

N % N = matings involving normal males and females;
Ny C and C x N = matings involving compound chromo-
some-bearing males and females;




40

C s C == matings between males and females which have a
compound chromosome.

To iliustrate the impact of releasing both sexes of a strain with
compound chromosomes, consider a wild population of 1,000 males
and 1,000 females that is overflooded once with 9,000 males and
9,000 females of a nendiapause strain with a compound chromo-
some. The results are shown in table 7.

The calculutions show that by the fourth generation the popu-
lation consists of no normal males, no normal females, 18,6064
eompound chromosome-bearing males, and 18,664 compound
chromoseme-bearing females. The expected total of 37,306 com-

TABLE T.—Impact of a single release of a compound ehromosome-
bearving strain with o conditional lethal, such as the inebility
to diapuuse on a native population

Cross and number Female Male

. Tatal
of matings nrogeny progeny
First generalion
NxN we.._ . . L 500 N 500 N 1,000 N
NxC 800 tsterile) . ] 0 0
CxN 900 isterile). . 0 0 0
CxC 5,100 {025 fertile). . . . 10,125 C 10,125 C 20,250 C
Second ygeneration
Nx®W 236 . . 118 N 118 N 236 N
NxC sterile. .. 0 0 0
CxN sterile. .. o .. 0 ] 0
CxC 9,618 (0.2 fertile). ... . 12,060 C 12,060 C 24,120 C
Third generation
NXN 140 L. L BN 6N 12 N
NXC sterile. .. ... .. . . o ] 0
CxN sterile.... . . ... . Y v} 0
CxC 11,944 {0.25 fertile). .. 14,930 C 14,830 C 29,860 C
Fourth generalion
NxN T ] 0 ]
NxCsterile. ... ... ... 0 ¢ 4]
CxN sterila . . __ .. ] 0 0

CXC 14,993 (0.25 fertile)... . 18,654 18,654 37,308 (lack
ability to diapause)
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pound chromesome-bearing insects wonld carry the genes for
inability to diapause and thus would be eliminated.

If such genetic mechanism would be developed in strains of
insect pests that are good candidates for the autocidal control
system, it should prove to be an efficient and powerful mechanism
for population suppression. It would be comparable in efficiency
to the inherited hybrid sterility mechanisms previously consid-
ered. Releases for only one generation during the permissive
period shauld lead to extinction of the natural population. The
self-sterility feature would slow down the rate of growth of the
total population until the conditional lethal effect is expressed.
The release of insects during a series of generations would not
add to the effectiveness. In fact, according o the parameters, this
would be detrimental and could lead to an economic population
before the nondiapause or some other conditionally lethal factor
is expressed.

Trends of an Insect Population Subjected to Releases by
Strains With a Meiotic-Drive Coupled to a
Dominant Conditionally Lethal Gene

The search for meiotic-drive factors seems to have decreased
somewhat with the demonstration that several such factors could
not be fixed because of recessive sterility (#). However, there is
nc a priori reason to assume that all meiotic-drive factors are
associated with recessive sterility.’ For this appraisal we assume
that a meiotic-drive factor can be fixed in the homozygous con-
dition and tightly coupled to a dominant conditicnally lethal gene.
Such a gene might determine the inability to diapause, or some
other trait that would prevent survival under certain conditions.
The strain with the meiotic-drive factor coupled to the dominant
conditional lethal gene is designated DD, and the normal strain
is designated NN. Further, we assume that an ND hybrid of
either sex would produce 10 percent N gametes and 90 percent D
gametes. Therefore, the ratio of progeny for the cross NN x ND
would be 0.1 NN:0.9 ND, and the ratio of progeny for the cross
ND % ND would be 0.1 NN :0.18 NI):0.8100 DD. Thus, if a natural
population of 1,000 NN ¢ and 1,000 NN g was averflooded in
each generation with 9,000 DD ¢, the various progeny for the
first fwo generations would be derived as shown helow. The
number of adult progeny per mating is assumed to be 10.

* Bee ftnt. 2, p. 7.




Generation

Murirg

21,000 % 1 00 - 100 matings
10”000
10009 000 - 900 matings
5 000
500 500 - 17 0 matings
14, ()
BOO X 4,700 - 160 7 matings
14,000
500X 9,000 =321 4 matings
14600
¥ ¥NN2 A 800% £00 160 7 matings
14,000
2 XND 74,500 4,500 =1,446 4 matings
14,000

e X DD A4, 500%°9,000.= 2,892 9 matings.

14, 000

Progeny

Female ' Male

NN ND
500

4,500

13,018
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In this way we calculated the effect of the release of 9,000
meiotic-drive mates (IDD) into a normal population consisting of
LO00 females and 1,000 males during the parental generation
only and during generations 1, 2, and 3 {table 8). The table
also shaws the resuits of releasing 8,000 meiotic-drive males and
9,000 meiokic-drive females into a normal population of 1,000
females and 1,000 males during the parent genevation,

The resuits show that far greater suppression can be achieved
with a melotic drive voupled with a dominant conditionul lethal
gepne {han with releases of sterile males and most of the other
geneLe suppression systems, when releases arve made tor the
parental generation only. However, the advantage of three suc-
cessive releases of mules only over a single release of males only
is not particularly great. The release of both sexes of the hypo-
thetical strain af the release ratio in this appraisal would have
the greates{ effect. A single release of both sexes of the meiotic-
drive strain would have a greater effect than three successive
releases of males only.

If a genetic mechanism as deseribed should be available for a
iriven pest, the reteased inseets would provide no suppression until
the conditionaily lethal factor had been expressed. Therefore, the
usual controt method would be necessary if the population reached
the economic thresheld level before season’s end. However, the
release of males only should not intluence the fotal number of
progeny produced. If both sexes were released to produce the
createst final eflect, the natural population would no doubt have
te be greatly suppressed by conventional methods. Further, all
or part of the popuiation could be replaced fivst by a strain car-
ryving the meiotic-drive factor and the coupled dominant con-
ditionally lethal gene. In this way the releases would not create
hazards above that of a normal population that had not been
suppressed.

Trends of Populations Subjected to Releases of Strains
With Dominant or Recessive Conditionally Lethal Genes

Tnlike most of the genetic mechaniams considered in this ap-
praisal, conditional lethals de not provide any suppression until
the onszet of restrictive conditions. The release of males only
with conditional lethals weuld not add more progeny to subsequent
generations than would geeur in the abzence of releases. Never-
theless, the pest population would increase until the onset of
restrictive conditions. To prevent such an increase to levels above
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TABLE 8~—{renotypic and population trends when a naéive popula-
ton (NN of 1000 males and 1,000 females s overflooded
with individuals ¢ DD} howozygous for a melotic-drive factor
tghtly coupled with a dominant conditionally lethal gene
(DD). The rate of uerease s fivefold, cud the conditionally
lethal gene wonld not be cxpressed untit the Lth gencration

Male progeny Femaule progeny
Generition : : Total
NN ~ND DL NW ND INl)
v P e redeaxed during yeneration !
I o-parent- . S 1500 a0g ., 500 10,000
20K, anl T.685 16,492 g2 T.6%95 16,402 49,5993
I 3049 15,802 LILAS Y | 539 la.4n2 108, 841 250,004
4oy UING 205883 804,007 ©In0 20,835 G4, 007 1,250,044
s e G mades released during generations | 2, and 3
boparent ETHUNR ST 508 4,300 . 10,0060
2K 322 5wz 1IN 875 322 5.%02 15,876 49,898
I Tin 7035 115,292 1in 7,888 117,292 248,996
4 ¥, TE0 N TS 614,377 130 8.735 814,377 1,246,354
e DY apales and 5 oonan females refeaged during generabion §
1 parent S0 8. 40, 500 500 9,000 40,500 100,000
AN 185 14,608 236,186 196 11,608 236,196 500, 008
3 . 13 14871 1,201,751 15 14,871 1,231,781 5,493,334
4F, 914,874 6,217,609 P9 14,871 6,232 573 12,465,146
P Rurvivors.

the economic threshold. supplemental control measures must be
applied until the etfects of the genetic mechanism become effec-
tive, Therefore, we cannot directly compare the efficlency of
conditional lethals into that portion of the wild population that
suppression.

Two approaches to holding the population in check during per-
missive conditions ave proposed: (1) Conventional measures and
{2} inducing a sufficient level of sterilify into the release strain
te hold the pest population static while at the same time infusing
conditional lethals into that portion of the wild population that
is reproducing. This system was suggested by Klassen and others
(163. We calculated the effects of overflooding only ihe parental
generation of a population held static by conventional means, and
of overflooding the parental, F,, and F, generations with males
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or males and females of a strain homozygous for a monofactorial
conditional lethal trait {AA) (table 8}.

One release of males only would provide 2 suppression of about
70 percent if the dominant conditionally lethal gene was ex-
pressed in the F., F, or F, generations. If both sexes were re-
leaged, the suppression would be 99 percent if the gene was
expressed in the ¥, ¥, F, or F, generation {table 9),

Three releases of males only would provide a suppression of
87 percent or more if the dominant conditionally tethal gene were
expressed in the F. or ¥ generation and about 82 percent sup-
pression IF expression pccurrved in the I, generation. Tf both sexes
were released, the suppression would be greater than 99 percent
if the gene were expressed in the F. or subsequent genevations
{table 9).

If a static native population {anbb} of 1,000 males and 1,000
females were overflooded once with 9,000 males homozygous for
two dominant conditionally lethal genes { AARBB), the suppression

TasLE 9. —{fenaiypic trends when o native population (aa) of
1,000 mades qud 1,000 females is overflooded onee n the par-
entul generalion and In generalions 1, 2, and 8 with insects
homozygons for one doninant conditionally lethal gene (AA).
In one musdel for each Lype of release 8,000 males only are
refeased and in the ofhver, 0,000 males and 8,000 femeles are

releaset?

Mades anly released Males and femuales released
(;{‘“"'l_\r'{]l‘ . - . e m . e e aiae e

| [ s ¥y ¥, F. ¥, F,

Releases during generation 1 only
L 200 805 805 6035 20 20 20 2@
i 1,500 a0 450 994 380 360 380 360
Al 4035 {05 405 U,820 1,620 1,620 1,620
Tatal S.000 2606 2,000 2,000 2.ud0 2,000 2,000 2,400
Feleases during generalions 1, 2, and 3

aa 200 &1 33 155 20 ¢ 0 ]
Ax 1300 1088 1,049 804 360 431 3 3
AA 356 818 1,040 1,620 1,957 1,99 1,895
Tapal 2000 2,000 2,490 2.00¢ 2,060 2,000 2,000 2,000

- The populatinn s held stntic by conventionat means.
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wouttld be roughly 90 percent if the conditionally lethal trait were
expressed in the F, I',, ', or T, generations. (We assume that
a single dominant allele would be Tully penetrant.) On the other
hand, if 9,000 males and 9,000 females had been veleased, the
corresponding suppression would have been greater than 99 per-
cent (table 10). Tf males only had been released for three con-
secufive generations, the suppoession would have inereased from
2 percent if the trait weve expressed in the ¥, to more than 99
percent if it were expressed in the F, generation (table 11). If
males and females were released for three consecutive genera-
tions, suppression would be complete if the conditionally lethal
trait were oxpressed after the ¥. generation (table 11).

Thus the percentage of suppression in the T, generation ob-
tained by releasing insects with one or two conditionally lethal
penes or traily into a native population held stalic by conventional
means i® as follows:

Dominant Revessiee
condifional candifionat
tethals frthuls

| weng:
Mades anly, 1 release T a0
Males only, 3 roleases n2 i
BBoth sexex, 1 reloase a9 51
Hoth soxes, 3 relouses 100 100

2 openes:
Mates only, 1 roloase o1 34
AMales ondyw, 3 releases 00 86
[3oth sexes, 1 reloase 100 895
Both sexes, 3 releases 100 100

Clearly, dominant conditional lethals have the potential to sup-
press populations drastically. A monofactorial recessive condi-
tional lethal will not provide strong suppression unless both sexes
are veteased for several genevations, and this is true, although to
a lesser oxtent, even if the rclease strain has two recessive con-
ditional lethais.

The use of partial sterility (that is, not inherited sterility) in
the release strain rvather than conventional methods for holding
the pest population in check while one or two dominant condi-
tionally lethal genes are being infused into the gene npool of the
wild population was considered, The results of these computations
are not shown here; however, they indicated thal at a release
ralio of only 9:1, the jeint use of partial sterility and dominant
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TABLE 10.—(enotypic trends when o netive population faabb) of
100 males and 1,000 females is overflooded onee in the par-
cital generation with insects homozygous for 2 dominant con-
ditionally lethal genes (AABB). In one wmodel, 2000 males
opdy are released, and in the other 9,000 males and 9,000 fe-
males are released?

Males only released, Males and females relensed,
Genotype an('r:lf-,mn- | - ._;_,[0..1.1(*_!':1{10:1.

Fl l‘."- Fj Fn F| F: F; I‘“
aabh 200 a1 196 190 20 [ 2 1
Aahb i} 193 286 498 0 10 ] T
AAbLD 0 101 1z 117 0 4 ] 12
aaBb i} 2493 296 298 0 140 9 T
Aallb 1,51 493 492 481 d60 186 126 95
AABRD n a2 a2 201 0 154 225 259
anBB 0 o1 112 1iv 0 4 0 12
AallB i s s Lt 201 0 151 225 25%
CAARB Y 10] a1 RTO1.820 1462 1,386 1,349
Total 2,000 2 00 2 000 2000 2,000 2,000 2,000 2,000

!'The poepulation is beld stativ by conventional means.

conditionally lethal genes is less eficient than the use of complete
interstrain slerility. At this ratio, also, the method is decidedly
less effieient with, say, 90 percent sterility than with 95 percent
sterility, The joint use of partial sterility and dominant con-
ditionally lethal genes has considerable mervit if full sterility
qannot be induced without seriouns adverse effects on the release
strain. However, release vatios considerably higher than 9:1 are
needed te adeguately infuse the desived germplasm since this
process is impeded by the partial sterility. Obviously, the joint
use of partial stevility and conditionally lethal genes is consider-
ably less efficient in the amount of suppression per insect released
than the joint use of conventional methods and the release of
fully fortile insects with conditional lethals. However, there may
be circumstances in which the actual cost of a program which
relies on conventivnal methods to hold the population in check
may be considerably higher than a program which relies on par-
tial sterility to suppress population growth while conditional
lethals are being infiltrated (18, pp. 65-71),
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TABLE 11.—Genotypic {rends when a native population (aabl) of
1,00t males and 1,000 females is overflooded in the purental,
£, and B, generations with tnsects homozygons for two domi-
nant conditionally lethal yenes tAABB), In one model each
release consists of 2,000 males vnly, and in the other each re-
lease cansists of #3000 wales and 8,000 fomales?

Males only released, Males and females released,
Genotype generation goneration

Fy ¥, by F. " . 1Py F.
auwbh . i) o1 3 3 20 0 {i 0
Anbh [ 29 11 27 0 0 0 0
AAbb Y 10 10 Al 0 0 ] 0
anlib 0o 29 11 a7 0 0 ] ]
Autih 1, = B33 278 213 360 24 1 1
AADBL 3} A15 Ax9 113 0 19 3 4
aaldb { 10 10 hE ! ¢ 0 0 0
AnltH { 205 188 113 0 4] 3 4
AARBB i* 21 Hah 791 1,620 1,937 1,992 1,991
Total 20010 2,000 2000 2,000 2,000 2,000 2,600 2,000

UThe popualation s held stitic by conventiong] meany.

Population Suppression with Recessive Lethal Mutations

In the context of this paper, recessive lethal mutations are
expressed in all homozygotes (penetrance and expressivity are
assumed fo be identical in alt individeals}. By contrast, vecessive
conditionally lethal mutations are expressed in homozygotes only
under restrictive conditions. For example, winglessness would
be lethal to all fioodwater mosquitees with the trait whereas the
inability to diapause would be lethal to floodwater mosguitoes only
during dry seasons or during winter months, Thus, winglessness
would be a lethal trait and nondiapause would be a conditionally
lethal trait.

The use of recessive lethals for suppressing pest populations
has been considered by several authors (20, 23, 28). Indeed,
MeDonald (28) constituted such strains of house flies and studied
their performance in population cages.

Recessive lethals can be introduced into a pest population by
releasing individuals heterozygous for the lethal genes. We con-
sidered the impact of releasing 9,000 males heterozygous for 4
monofactorial lethals {AaBbDdEe) inte a native population
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{AABRBDDEERE) of 1,000 males and 1,000 females. The releases
have no impaet on the rate of increase of the pavental generation
{fivefoll). However, the rates of increase of the F, generations
are reduced {o a 3.96-fold and 3.26-fold for one release and for
multipie releases respectively, The fold of increase of the F. is
$.1:4 and 3.66 lor one release and for multiple releases respee-
tively; and the rvespective values are 446 and 4.07 for the F
genoration, Thus, the release of males with four recessive lethals
cannot prevent an increase of population whose intrinsie vate of
increase is fivefold.

The maximum impact from recessive lethals can be deduced
by considering the consequences of matings belween heterozygotes,
{f the release strain is heterozygous for one recessive lethal gene
tAa), then one-fourth of the progeny of a mating of two hetero-
zyzous individouals would die and three-fourihs would survive.
Further, if the release strain was heterozygous for two independ-
ently segrogating recessive lethal genes { AaBb) and if fwo hetero-
zyvirous individuals mated, then the chance that an individual oft-
spring would not be homozygous for the frst recessive lethal
would be three-fourths, and the chance that it would not be
homozygous for the second recessive lethal would be three-fourths,
Thus, the chanee that the offspring would not be homozygous for
either recessive lethal would be & ~ 3, — 2, In general, the
pumber of surviving progeny from the mating of two heterozy-
gotes is given by (3,317, where n is the number of independently
segrepating recessive lethal genes. Thus, the f{raction surviving
for 1, 2,8, 4,5 6, 7.8 9,10, and 11 gones is 0.750, 0.563, 0.422,
0,316, 0,237, 0178, 0.133, 0,100, 0.075, 0.056, and 0.042, respec-
tively. To suppress a population inereasing at 3-, 10-, or 20-fold
rates, the geaetic load must be sufficient to permit no more than
20, 10, and 5 pereent survival of the progeny, respectively. There-
fore. if large numbers of a strain heterozygous for recessive
lethals could be released, the sirain would have te be heterozygous
for af Teast 6, 8, or 11 recessive lethal genes to suppress popula-
tions increasing at 5-, 10-, or 20-fold rates, respectively. We
conclude that the use of vecessive lethals for populatirng suppres-
sion is a rather weak method,

Trends of a Population Subjected to the Release
of Strains of Translocation Hdomozygotes
The theoretical efficiency of translocation strains in suppressing

populations is extremely high reintive to most other genetic mech-
anisms because maximal suppression and maximal stability of




50

the translocation when introduced into a wild population occurs
when the released strain and the wild population are in 2 1:1
ratio. Further, the traunsiocation is passed from generation fo
generation, and it conlinues to exert an cffecl on the population
until it is eliminated throvgh genetic drift

To make a theoretical appraisal of the requirements and po-
tential of translocation sirains in population suppression, we
erecled & deterministic model using the following assumptions:

1. The target population consists of 1 million insects with a
111 sex ratio,

2. The target population is overflooded once in the pavental
generaltion,

3. The native and release straips ave egually 0O

Jd. The number of ecach strain released is 1 million {500,000
males and 500,000 femaler}.

5. The helerozygrotes produced from all mating combinations
are ideatical in their levels of steriliby.

G, Al matings yvield o number of offspring that is directly
proporiional to the fraction of eupleid gameles produced by each
parent.

T. From one te three [ransiocation release strains would be
developed and released.

Theorefical population trends were caleulated, and some of the
data are shown in table 12, OQur caleuladions indicate the follow-
ingE conclusions:

e With the release of a single translocation strain, a statie or
declining population would be decimated, but nol one increasing
at a fivefold rate.

o \With the reiease of two translocation strains, a downward
trend could be induced in a pepulation increasing abt a fHvefold
rate onby if the ievel of sterility of the heterozygotes would be
about 95 percent.

® 1Vith the release of three transiceation straing, a downward
trend could be induced in a population increasing even at a ten-
fold rate, provided thal heterozygotes would be 95 percent sterile.
With 80 or 90 percent sterility in heterozygotes, a downward
trend could be induced in populations which normally would in-
evease at a fvefold rate.

Ia practice, supplemeniary measures, such as insecticide ap-
plications, would be required against the parental, or perhaps
the ¥, peneration. In addition, the releases should be timed so
that the F., P, and F generations peeur during the most adverse
season of the year. In this delerministic model, the ratio of one




TABLE 12, —Population trends when a native population of 1 milliom insccets (1:1 sex ratio) is overflooded once
with 1 or mere translocation strains

Number of Porcertago Rate Inseets in generation
Creleasoe of uf T :
stFains sterifity IneTese Parental 4 3

Mal. No. No. No. Nu.,

1 Y 551,250 151. 9% 41.87% 11,543
HUG OO 154 013 55461 16.747
Ta n0n 259 200 93 319 35,592
404 444 a1-2u68 7.290 9x0

10,083 333 TS 241 4,556.484 3,062,970
450001 76500 12 98K 1,966

12,000 000 B0 600 7680000 6,144,000
$53.333 142 2x1 30,956 6,745
330,625 27 3% 2.259 187

8,265 625 3416 02% 411,780 583,462

33062 500 D7 . 3uR 223 LOXK 4K 18,670,794
422 500 44,627 4,714 498

10,562,500 5,575,320 2,946,050 1,555, 883
640,000 102,400 16,384 2,621

16,000,000 800,000 10,240,000 &,192,000
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strain to another would remain constant indefinitely. Howaever,
in actual practice, this equilibrium would be npset after several

generations, and one strain would completely displace the others
(48)
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